Abstract-This paper aims to give some proofs validating that the new proposed 1-DOF motion-coupling anthropomorphic fingers (in reference [1]) can imitate the human finger's motion well and to find the advantage and disadvantage of the new fingers. The geometry-based kinematics and the statics of all the four 1-DOF six-link motion-coupling fingers are deduced, the parameters of these fingers are defined through optimization method, and the width of every finger is defined and calculated. In the end, we simulate the kinematics and statics to find difference among all the four 1-DOF motion-coupling anthropomorphic fingers. It is shown that the new proposed fingers are more compacter than the existing ones, while the new fingers are not more difficult to driven.
I. INTRODUCTION
S shown in Fig.1 are four 1-DOF motion-coupling anthropomorphic six-link fingers (finger 1, finger 2, finger 3 and finger 4) in reference [1] . Both finger 1 and finger 2 permit to mimic the 3-DOF movement of human fingers by running a 1-DOF mechanism movement, which has been validated in reference [3] and [4] respectively. Finger 3 and 4 are two new proposed fingers in reference [1] . All the four fingers in Fig.1 consist of a six-link mechanism, which can be divided into two crossed four-link mechanisms. The bottom four-link mechanism is constructed by the base, links 1, 2, and 4 while the top four-link mechanism is constructed by links 1, 2, 3, and 5. Link 1 acts as the proximal phalanx, link 2 acts as the middle phalanx, and link 3 acts as the distal phalanx. Link 4 and link 5 are the auxiliary links. The difference between the two existing six-link fingers and the two new proposed ones result from the different collocation of the auxiliary links. However, any alteration of the configuration may result in tremendous change of the output of a linkage. Whether are the new proposed fingers feasible to resemble the human finger's motion anthropomorphically and whether can they move smoothly after the definition of the parameters? In this paper, we will give some proofs to validate that the two new proposed fingers are able to act like the human finger. And we will also find the advantage and disadvantage of the new fingers contrast to the existing ones. What's more, the kinematics, the statics and the parameter-defining of all the fingers are analyzed to give some reference to the designer.
II. CONTRASTING BETWEEN THE FOUR SIX-LINK FINGERS Definition 1:
In this paper, we define the crossed four-link mechanism of finger 1 as four-link mechanism 1, and the crossed four-link mechanism of finger 2 as four-link mechanism 2, which are shown in Fig.2 and Fig.3 respectively.
So finger 1 consists of two four-link mechanism 1 (shown in Fig.2 ), finger 2 consists of two four-link mechanism 2 (shown in Fig.3 ), finger 3 and finger 4 consists of one four-link mechanism 1 and one four-link mechanism 2 respectively(similar to Fig.2 and Fig.3 ).
Kinematic analysis of the fingers (Displacement analysis)
In the four fingers, coordinate frame {X 1 -Y 1 } is assigned to MP joint with its X 1 -axis being horizontal and frame {X 2 -Y 2 } is assigned to PIP joint with its X 2 -axis being perpendicular to the proximal phalange, R 21 . The length of R 11 (the base link of the bottom four-link mechanism) is r 11 , the length of R 12 (the base link of the top four-link mechanism) is r 12 , the length of R 21 (the proximal phalange) is r 21 , the length of R 22 (the middle phalange) is r 22 , the length of R 31 (the driven link of the bottom four-link mechanism) is r 31 , the length of R 32 (the driven link of the top four-link mechanism) is r 32 , the length of R 41 (the bottom connecting link) is r 41 are the angular displacements of R 12 , R 22 , R 32 and R 42 , respectively, expressed in {X 2 -Y 2 } coordinate system. The angle between the proximal phalange and the middle phalange about PIP joint is \ 1 . Similarly, the angle between the middle and distal phalanx about DIP joint is \ 2 .
Then we deduce the geometry-based kinematics of all the four-link mechanisms, the result is listed in Table I . Kinematics of four-bar mechanism 2 Crossed ( Fig.2 (a) 
Explanation: i=1-bottom four-link mechanism; i=2-top four-link mechanism. The according equations of the uncrossed configuration that are different from that of the crossed configuration are emphasized in gray.
Parameter optimization
Using the optimization method shown in reference [2] , we define the parameters of all the four fingers. In this study, we assume the desired angular displacements \ i * (\ 1 * about PIP joint and \ 2 * about DIP joint) are identical to the angular displacement of the finger about MP (ș 21 ) joint, and \ * 1 =\ * 2 =90q-ș 21 ; the length of the proximal phalange is 50mm; the length of the middle phalange is 30mm; and the length of the distal phalange is 25mm. The transmission angle range of the four-link mechanism is selected as (20q, 160q) to minimize the length of the driven link and to make the finger more anthropomorphic. The solution of four-link mechanism 1 optimization is produced from starting guess: x 01 = [2; 6; -7; 2.3; 0.5], and that of four-link mechanism 2 optimization is produced from starting guess: x 02 = [2.1; 4.5; -4; -0.5; 2]. The optimal parameters are shown in Table II . Fig.4 shows the four six-link fingers modeled using the linkage parameters provided in Table II respectively. The series of the models show that the four fingers can flex and extend smoothly and anthropomorphically without leaping or jerking. Definition 2: The width of a finger H is defined as the maximal distance between two of the three rotational joints at PIP joint along the direction vertical to the proximal phalange, as shown in Fig.5 . Table III shows the width of all the four fingers using the linkage parameters provided in Table II respectively.
3-D model and width of the four fingers
From Table III we can see that the two new proposed fingers (finger 3 and finger 4) have smaller width contrasting to that of finger 1 and finger 2. That is the widths of the fingers tell us that the two new proposed fingers are more compact and accordingly more anthropomorphic than the two existing fingers (finger 1 and 2).
Statics analysis of the finger
In this section, we will calculate the driving torque of all the four fingers and the forces exerted on every link over a cycle of every finger's closure. In the calculation we assume that the frictional forces at every joint and the gravity of all links equal zero.
We take finger 1 (shown in Fig.6 ) as an example to deduce statics here .When the bending angle of the proximal phalange is ș 1 , the bending angle of the middle phalange and the distal phalange will be ș 2 and ș 3 respectively. ș 2 and ș 3 can be obtain from Table I (\ 1 and \ 2 respectively in Table I ).
When a force F is exerted on the end of the finger, we assume that the minimal counter-balance driving torque is M 0 .The angle [ gives the position of the force F. And we assume that F is always vertical to the axis of the distal phalange. The coordinates of the end of the finger are x, y and z (in the base system). At any position, the coordinates can be evaluated by equations The angles O and [ can be obtained using Fig.6 b and Table I . As a result, we can calculate the statics of finger 1.Statics analysis of the other three fingers can be done in the same way, and the results are listed in Table IV . Relative parameters can be evaluated using Fig.7 (a), (b) and (c) respectively, which expressed in Table V .
Simulation results and discussion
Computer programs have been written using Matlab to calculate the kinematics and statics of all the four fingers.
And the results of the calculations are given in graphics as shown in Fig.8~Fig .12 respectively. From section 2.2, we know that the solution of the optimization of four-link 
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Noting: F is always vertical to the axis of the distal phalange at the end point. r 11 , r 21 , r 22 , r 23 , T 11 and D 2 are mechanical parameters which are given in Table IV , and T 1 , T 2 , T 2 , T 41 and T 42 are the bending angles of the phalanges and the coupling links which can be evaluated using Table I . 
mechanism 1 in all fingers is produced from the same starting guess, so do that of four-link mechanism 2 in all fingers. And all the kinematics and statics simulations here are done using the results of the parameter optimization.
Results of the calculations of kinematics
In the simulation, the initial angle velocity and acceleration of the MP joint of all fingers are selected to be 0 rad/s and S/4 rad/s 2 respectively. Fig (a) in these figures shows that the angular displacements of ș 1 , ș 2 and ș 3 around joints MP, PIP, and DIP are identical to each other during the finger flex and extension, which agrees with the motion defined in section 2.2. 
Results of the calculations of statics
What we really care about is the driving torque (M 0 ) of all the four 1-DOF fingers, so we just calculate M 0 here. In the simulation, the proximal phalange of the finger is selected to bend slowly and equably. And the driving torque of all the four fingers is illustrated in Fig.12 , which has been validated using Solidworks Simulation.
Discussions
From the results of the kinematics simulation (Fig.8~Fig.11) , the two new proposed six-link fingers (finger 3 and finger 4) can flex and extend smoothly and anthropomorphically without leaping or jerking as well as the two existing fingers (finger 1 and finger 2). They both permit to mimic the 3-DOF movement of human fingers by running a 1-DOF mechanism movement and can resemble human finger's motion well, grasping and releasing.
From Table III , we know that the new proposed fingers are more compact than the two existing ones.
The results of the statics simulation (Fig.12) tell us that the driving torque M 0 of the new proposed fingers are almost the same with the two existing ones.
III. SUMMARY
The kinematics, determination of the parameters, statics and width of all the four 1-DOF fingers are studied.
The results of the simulations show that all the 1-DOF motion-coupling six-link fingers can flex and extend smoothly and anthropomorphically without leaping or jerking. And the two new proposed fingers are compacter and more anthropomorphic than the existing ones, without bring driven torque burden. 
